Although humans are genetically very similar to the evolutionarily related nonhuman hominids (chimpanzees, bonobos, gorillas, and orangutans), comparative studies suggest a surprising number of uniquely human differences in the incidence and/or severity of biomedical conditions. Some differences are due to anatomical changes that occurred during human evolution. However, many cannot be explained either by these changes or by known environmental factors. Because chimpanzees were long considered models for human disease, it is important to be aware of these differences, which appear to have been deemphasized relative to similarities. We focus on the pathophysiology and pathobiology of biomedical conditions that appear unique to humans, including several speculative possibilities that require further study. We pay particular attention to the possible contributions of uniquely human changes in the biology of cell-surface sialic acids and the proteins that recognize them. We also discuss the metabolic incorporation of a diet-derived nonhuman sialic acid, which generates a novel xeno-autoantigen reaction, and chronic inflammation known as xenosialitis. 
INTRODUCTION
Mammals such as rodents are frequently used as experimental models for research into human disease. However, the shared common ancestor of humans with these species existed many tens of millions of years ago (Mya) (1), allowing ample time for genetic differences to develop and probably explaining the multiple instances wherein mouse studies do not translate well into studies on humans. Primate models are considered more representative. However, even among primates, our common ancestor with Old World monkeys was ∼25 Mya (2). Our closest evolutionary cousins are the socalled great apes (chimpanzees, bonobos, gorillas, and orangutans), with whom we share more recent common ancestors (2). These nonhuman hominids (NHHs; see the sidebar entitled Updated Classification of African Primates) are thus often considered the best models for human disease. However, there are many fiscal and ethical issues that currently constrain the use of
UPDATED CLASSIFICATION OF AFRICAN PRIMATES
The African Old World primates were traditionally classified into monkeys, apes, and humans. Apes in turn were subclassified into lesser apes (siamangs and gibbons) and great apes (chimpanzees, bonobos, orangutans, and gorillas). Because of apparently marked differences in morphology, behavior, and function, humans were previously classified separately. Modern genomics makes it clear that humans are basically a modified form of great ape. Thus, there is an emerging new classification (170) in which the term hominoid or Hominoidea continues to be used for all apes and humans and the lesser apes continue to be classified as Hylobatidae. The term hominid has been expanded to include not only humans but also the other great apes. The most distantly related great ape (the orangutan) is classified as Ponginae. The African great apes are now classified as Homininae and humans as Hominini. These new classifications are still under discussion and have not yet been accepted by all investigators in the field. For the purposes of this review, we replace the term great apes, which is no longer taxonomically valid, with the term nonhuman hominids (NHHs).
NHHs for research (3). Apart from these issues, humans appear to have several surprising differences in the severity and/or incidence of diseases and pathologies that cannot be explained by environmental factors (4-9). Although this situation poses a challenge to translating NHH studies into the human condition, it also provides an opportunity because of the extreme genetic similarities to humans (we are more closely related to NHHs than mice and rats are to each other).
In this review, we interface the existing background and knowledge base regarding NHH diseases with our own ongoing research, in which we have found multiple differences between humans and NHHs with regard to a family of cell-surface sugars known as sialic acids (10) (11) (12) . We present interesting biomedical conditions, emphasizing the definite, probable, and possible differences between humans and NHHs and consider potential implications for our sialic acid-related research where appropriate. We realize that sialic acid-related changes are probably not the primary cause for most of the differences discussed. Also, there are many other genetic differences between humans and NHHs (13) that we do not consider here due to lack of space. Additionally, we realize that very little work has been done to compare the many other complex aspects of glycosylation between humans and NHHs. Finally, we know that monosaccharide modifications such as acetylation might alter the lectin-and antibody-binding specificities assumed in our results.
In deciding which biomedical conditions and diseases to discuss, we chose to be inclusive; we even mention many speculative possibilities. The reasons for this approach are twofold. First, given the relatively few NHHs in captivity that have been studied to date, there is a potential for observational bias in one direction or the other. Second, given that support of chimpanzee research by the National Institutes of Health was meant to provide models for human disease, the tendency in published studies has been to emphasize the similarities, rather than the differences, between NHHs and humans. Thus, some of the apparent differences have been documented only minimally and/or not formally reported. Although this review describes both definitive facts and highly speculative considerations, we strive throughout to make clear when our comments are true, likely, or speculative. We first mention biomedical conditions that can be plausibly explained by anatomical differences between humans and other hominids. We then list diseases and biomedical conditions that apparently cannot be explained by anatomical differences. The latter are classified into definite, probable, and possible differences on the basis of the amount and type of information available.
NONHUMAN HOMINIDS ARE GENETICALLY VERY SIMILAR TO HUMANS BUT MAY NOT BE GOOD MODELS FOR SOME COMMON HUMAN DISEASES
As mentioned above, humans are remarkably similar to NHHs from the genetic perspective. Indeed, we shared a common ancestor with all these other hominids more recently than mice and rats did with each other: Our common ancestor with the orangutan lived ∼13 Mya, that with the gorilla ∼8 Mya, and that with the chimpanzee and the bonobo ∼6 Mya (2). Furthermore, the chimpanzee-bonobo clade is closer to the human lineage than are all three species to gorillas and orangutans (2). Thus, the term great apes is no longer taxonomically correct; we use NHHs instead (see the sidebar entitled Updated Classification of African Primates). Despite these facts, there are remarkable similarities among the NHHs and obvious differences from humans not only in general phenotype but also in the pattern, severity, and incidence of various diseases (4-9).
Given these close genetic similarities, NHHs (particularly chimpanzees) were assumed to be good models for human diseases. As mentioned above, this may be why the extant literature is rather biased toward reporting instances in which similarities are present and pays limited attention to differences.
However, understanding these disease differences represents a great opportunity. If humans and NHHs are genetically so similar, any genetic explanations for disease differences should be within reach. Such information could be collected simply by studying both NHHs and humans in a similar fashion, and the results would benefit the care or treatment of all these species.
BIOMEDICAL DIFFERENCES BETWEEN HUMANS AND NONHUMAN HOMINIDS THAT CAN PROBABLY BE EXPLAINED BY ANATOMICAL FACTORS
Some diseases that differ between humans and NHHs can be explained by anatomical differences. The following sections focus on such differences. In each instance, we briefly describe the disease and the anatomical differences that could explain it.
Sinusitis
Human skull bones have four air-containing sinus spaces lined by epithelium that secretes mucus (14) . The reason for the prominence of sinuses in humans is unknown; it may be to lighten the weight of the skull during upright posture, or it may help with modulating sound during speech. Alternatively, sinuses may simply be a by-product of evolutionary changes in human facial anatomy (15) . The epithelium lining of the sinuses has abundant cilia. However, inflammation resulting from allergies or infections causes mucosal swelling. This swelling blocks the exit channels for mucus, resulting in inflammation and chronic sinusitis-a bane for modern humans. Predisposing factors include ciliary impairment, allergy, nasal polyposis, and immune deficiency. Treatment is aimed at reducing mucosal inflammation and swelling, controlling infection, and restoring aeration of the nasal and sinus mucosa (14) . In general, NHHs have smaller or nonexistent sinuses. For example, frontal sinuses in chimpanzees and gorillas tend to be smaller than in humans, and orangutans do not have these sinuses at all (16) . Perhaps for this reason and/or because of differential gravitational forces arising from humans' upright posture, chronic sinusitis and its complications appear uncommon in NHHs.
Air Sac Infections
Unlike humans, all NHHs have air sacs, which are extensions of the pharyngeal pouches of the upper airways. These sacs are best developed and most obvious in the orangutan. Although the air sacs may assist in sound production, their function is unknown. Given their location and connectivity to the upper airways, they are prone to infections, which can be acute or chronic. Cultures of such infected sacs can yield enteric organisms, and treatment with antibiotics and irrigation is often successful (17) . However, surgical drainage may be necessary (18, 19) . Humans do not have an anatomical equivalent of these structures.
Sleep Apnea
Humans commonly suffer from obstructive sleep apnea, which is characterized by periodic cessation of breathing during sleep and associated with snoring and upper airway obstruction. This syndrome has recently become more prominent with the epidemic of obesity (20) . It does not seem to be a common feature of NHHs or of other mammals (20) , with the exception of the English bulldog (21) . Factors such as the anatomy of the skull, differences in placement of the foramen magnum, and a descended larynx as compared with NHHs have been proposed as contributors (20) . The epiglottis and oropharyngeal region in humans may not have evolved specific musculature to maintain the dilation of the pharynx needed during sleep. Also, when humans assumed an upright posture and acquired the ability to speak, anatomic changes occurred, such as shortening of the mandible and descent of the larynx, klinorhynchy (posterior migration of the facial skeleton under the skull), and protrusion of the tongue into the larynx with a "lockup" of the epiglottissoft palate region-all factors that contribute to obstructive sleep apnea (20) . This problem may also precipitate or aggravate the metabolic syndrome, which is characterized by hypertension and a prediabetic state (22) . Metabolic syndrome responds to weight loss and/or treatment with continuous positive airway pressure during nocturnal sleep.
Back Disorders
Taken together, current evidence indicates that the onset of bipedal upright posture in the human lineage may have occurred 6-7 Myarelatively soon after the time of our common ancestor with the chimpanzee-bonobo clade (23, 24) . As a consequence, the cervical, thoracic, and lumbar vertebrae of the human skeleton developed ventral (lordotic) curvatures that are not present in NHHs. Other anatomical alterations of vertebrae and supporting muscles appear unique to humans (25, 26) . Upright walking imposes stresses and strains the spine and back muscles, which contribute to multifactorial causes for the chronic back pain and injury syndromes suffered by many humans. Evidently, despite the evolution of fully upright bipedal running >2 Mya (27), we are still not fully adjusted to our novel posture.
Obstetric and Perinatal Difficulties
The upright posture of human ancestors also caused a narrowing of the pelvic outlet. However until ∼2 Mya, this narrowing probably did not pose an obstetric problem, because the size of the brain and head remained approximately the same as those of the chimpanzee. Beginning at ∼2 Mya, and continuing up to a few hundred thousand years ago, the size of the human brain increased continuously. Thus, although human fetuses are born both with unfused skull sutures and before brain growth is complete, they still face great difficulty passing through the maternal pelvic canal (28, 29) . This difficulty partly explains the very prolonged labor of humans compared with that of chimpanzees, and it causes perinatal trauma to both mother and newborn. Details regarding these issues are not covered here.
Sudden Infant Death Syndrome
Sudden infant death syndrome (SIDS) is a diagnosis of exclusion. It occurs in sleeping human infants under one year of age, and its cause is unknown. Most such deaths occur between two and six months of age. Theories proposed include a delayed response to arousal; poorly developed cardiorespiratory control; immature upper airways; and prone positioning of the infant in the crib, especially on a soft surface. Other factors include maternal smoking, low birth weight, young maternal age, inadequate prenatal care, upper respiratory infections, fatty acid oxidation disorders, and so on. Interestingly, until the advent of civilization, motherinfant cosleeping was the norm, and SIDS appears to be rare in hunter-gatherers who follow this tradition. Thus, SIDS may be at least partly the consequence of the modern, false notion that it is best for the infant to learn to sleep apart from the mother beginning at an early age (30) . Regardless, a great reduction in SIDS has been achieved by advising parents to position babies on their backs (supine position), rather than face-down, in the crib (31); again, this advice is contrary to that found in older infantcare manuals. Unfortunately, rare episodes in which overweight or inebriated mothers have accidentally smothered infants to death (32) led public health officials to advise against the natural evolutionary norm of mother-infant cosleeping. SIDS has not been formally reported in NHHs, in whom mother-infant cosleeping is the norm. However, occasionally neonatal NHHs are found dead in situations where not enough information is known to establish a cause of death or to rule SIDS in or out.
Inguinal Hernias
A hernia is an abnormal protrusion of an organ or structure that should be confined by normal anatomy. Of the various kinds of hernias, some are probably aggravated by the upright posture of humans and the resulting increase in pressure in the abdominal cavity. In particular, an inguinal hernia involves protrusion of peritoneal adipose tissue, and sometimes parts of the viscera, through the inguinal ligament in humans. This condition is observed more often in males than in females. In both humans and NHHs with inguinal hernias, there is a defect of the posterior rectus muscle sheath and a poorly developed transversalis fascia (33) . In humans, the gravitational effects of upright posture probably increase the frequency of herniation through the inguinal canal (33) .
Hemorrhoids
Hemorrhoids are dilated veins in the anorectal region that usually result from long-standing constipation involving straining during bowel movements, which causes increased intrarectal pressure and compensatory dilation of the loose-walled venules. Hemorrhoids may also arise from increased intra-abdominal pressure during pregnancy or from increased venous pressures secondary to liver cirrhosis. This condition is not commonly observed in NHHs, probably because of their high-fiber fruit and vegetable diet (which minimizes constipation) and/or perhaps because of the lack of high hydrostatic pressure caused by upright posture (34) .
Varicose Veins
Varicose veins are superficial, enlarged, bulging, tortuous veins visible on the skin surface, typically in the lower legs (35) 
Wound Healing
Although the difference between human and NHH wound healing has not been precisely documented, a common observation is that the wounds of monkeys and NHHs tend to heal rapidly, whereas human wounds often require suturing for closure and take a long time to heal. This difference could be due to the anatomical and histological differences between human and NHH skin (36), including differences in hair, subcutaneous fat, and sweat gland morphology. Interestingly, a mouse with a humanlike defect in the sialic acid-modifying CMAH gene also demonstrates delayed wound healing (37) , although the mechanism is unknown.
Acne Vulgaris
Acne is a common eruptive human skin condition that occurs most commonly in adolescents (38) . It is characterized by the appearance of pilosebaceous lesions on the face, neck, and sometimes shoulder regions and involves blocked sebaceous sweat glands, closed comedones, inflammatory papules, and so on. Acne-like skin eruptions have not been reported in NHHs. Although the reason for this discrepancy is unknown, it may again relate to anatomical differences between human and NHH skin, particularly with regard to the type and distribution of sweat glands (36, 39) . A role for milk consumption has been suggested (40) . It would be interesting to know whether the bacterium commonly found in acne lesions (Propionibacterium acnes) (41) is specifically adapted to humans.
BIOMEDICAL DIFFERENCES BETWEEN HUMANS AND NONHUMAN HOMINIDS THAT ARE NOT EXPLAINED BY ANATOMICAL FACTORS
Biomedical differences between humans and NHHs that cannot be explained by anatomical differences are more intriguing (4, 5, 7-9, 42). In the following sections, we divide the candidate conditions into definite, probable, and possible differences. These categories were suggested by our own research and experience, by a survey of the literature, and by discussions with others with expertise (see Acknowledgments). Again, perhaps because of the history of the use of chimpanzees as models for human disease, extant literature tends to emphasize similarities rather than differences, so in this case the absence of published literature is not evidence for the absence of a difference. 
UNIQUELY HUMAN FEATURES OF SIALIC ACID BIOLOGY: MECHANISTIC CONNECTIONS TO BIOMEDICAL DIFFERENCES?
There are undoubtedly many reasons, including many that have yet to be discovered, for the nonanatomical biomedical differences observed between humans and NHHs. In our own research, we have found multiple differences between humans and NHHs in terms of the biology of sialic acids and sialic acidrecognizing proteins. These differences are summarized in Table 2 , and detailed accounts can be found elsewhere (10) (11) (12) . Given that fewer than 60 genes are involved in sialic acid biology, our finding that more than 10 of them show human-specific changes (12) suggests that this system represents a "hot spot" in human evolution. A dramatic change in the sialic acids of human cell surfaces, which occurred approximately ∼2-3 Mya, is characterized by Alu-mediated inactivation of the CMAH gene that caused (a) a loss of synthesis of the common mammalian sialic acid N-glycolylneuraminic 
Sialic acidrecognizing immunoglobin-like lectins (Siglecs):
constitute the largest known family of sialic acid-recognizing proteins acid (Neu5Gc) and (b) an accumulation of the precursor sialic acid N-acetylneuraminic acid (Neu5Ac). This transformation appears to have been followed by a variety of (probably linked) changes in other sialic acid-related genes, including increased expression of α2-6-linked Sias (probably due to increased expression of the ST6GALI gene) and multiple changes in genes encoding Sia-recognizing immunoglobin-like lectins (Siglecs), including binding-specificity changes (in Siglec-5, -7, -9, -11, and -12), gene conversion-based sequence changes (in Siglec-11), expression-pattern changes (in Siglec-1, -5, -6, and -11), and instances of deletion or partial pseudogenization (in SIGLEC13, SIGLEC14, and SIGLEC16) (12) . An additional nongenetic outcome of the CMAH mutation is that Neu5Gc derived from the diet (particularly foods of mammalian origin) can become incorporated into human tissues, particularly endothelia and epithelia. This Neu5Gc-accumulation process can occur despite the presence of a broad spectrum of circulating anti-Neu5Gc antibodies, and the combination may lead to chronic inflammation (12) . In the following sections on biomedical differences between NHHs and humans, we mention possible connections to these uniquely human changes in sialic acid biology. Several of these possibilities require much further 
SIGLEC6

Placental trophoblast expression Expression levels increase with progress of labor
Expression is further upregulated in preeclampsia (a human-specific disease)
SIGLEC7 and SIGLEC9
Amino acid changes in V-set domain; adjusting of Neu5Gc to Neu5Ac recognition Enhanced susceptibility to Neu5Ac-expressing pathogens that dampen innate leukocyte responsiveness?
SIGLEC11
Human-specific gene conversion; new expression in brain microglia
Altered interactions of microglia with neural cells? Altered response of microglia to infections?
SIGLEC12
Human-specific mutation of "essential arginine residue" for sialic acid recognition
Unknown
SIGLEC13
Human-specific deletion Unknown
SIGLEC16
Human-specific inactivating mutation; population polymorphism
ST6GAL1
Increased expression of Siaα2-6Galβ1-4GlcNAcβ1 termini in various cell types
Protection from avian influenza viruses, which prefer α2-3 sialic acid linkages, and susceptibility to human influenza viruses, which prefer α2-6 sialic acid linkages a For details, see References 11 and 12. Abbreviations: Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid.
research, and many other, unrelated factors are likely to be operative.
DEFINITE BIOMEDICAL DIFFERENCES BETWEEN HUMANS AND NONHUMAN HOMINIDS Cardiovascular Disease: Myocardial Infarction Versus Interstitial Myocardial Fibrosis
The most common cause of death in both humans and captive chimpanzees was long thought to be cardiovascular disease that manifested either as sudden death due to heart attacks or as a slower death due to progressive heart failure (5, 43, 44) . Older studies often assumed that cardiovascular disease was a human-chimpanzee similarity, although some studies noted different pathologies (45, 46) . A more detailed comparison (47) indicates that the two diseases are indeed completely different. Human cardiovascular disease is caused primarily by progressive atherosclerosis, in which deposition of low-density lipoproteinderived cholesterol causes gradual blockade of arteries, especially the coronary blood supply to the heart. When complete blockage of coronary arteries occurs acutely, it causes the typical human heart attack, also known as a myocardial infarction. When ischemia to the myocardium occurs gradually, it gives rise to progressive, congestive heart failure. Although NHHs suffer from a moderate degree of atherosclerosis in captivity and can be induced to have more severe disease via lipid feeding (48, 49) , atherosclerosis only rarely leads to blockage of coronary arteries (although blockage of cerebral blood vessels leading to stroke can occur). There is one report of a gorilla in which coronary atherosclerotic occlusion was detected at necropsy (50) . Recent reanalysis by several groups shows that early reports of sudden cardiac death or cardiomyopathy in NHHs were due to diffuse fibrosis that affected the myocardium; such interstitial myocardial fibrosis (IMF) is pathologically quite different from the human disease (Figure 1) (43, 44, 47, 51) . Further analysis indicates that this type of pathology is common in all NHHs (particularly in males) and that it manifests either as a heart attack-that is, as sudden death, probably arising from a change in the cardiac rhythm-or as progressive heart failure due to loss of myocardial function.
Thus, there are two mysteries to unravel. First, why is it that humans do not get the common form of IMF observed in NHHs? Second, why is it that NHHs do not frequently get the coronary atherosclerotic blockage that causes the common human form of ischemic heart disease? The first question is difficult to answer, but our analysis reveals differences in terminal glycosylation of sialic acids and other glycans in the myocardium of the human versus chimpanzee heart, and there is additional evidence for a higher density of small blood vessels in the human myocardium as well as more fibrous septae in the normal NHH myocardium (Figure 2) (47) . Regarding the second question, the likely explanation is that atherosclerosis in humans is more severe than in NHHs, although both groups share many of the same risk factors (47, (52) (53) (54) (55) (56) 
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Figure 2
Uniquely human expression patterns of glycans in cardiac muscle: lectin staining of histologically normal-appearing myocardial sections from humans and nonhuman hominids. Shown are examples of typical lectin-staining patterns in human and chimpanzee myocardial sections using Ulex europaeus agglutinin (UEA), which recognizes terminal fucose residues in the sequence Fucα1-2Galβ1-4GlcNAcβ; Sambucus nigra agglutinin (SNA), which recognizes terminal Siaα2-6Galβ1-4GlcNAcβ units on N-linked glycan chains of glycoproteins; and Maackia amurensis hemagglutinin (MAH), which recognizes Siaα2-3Gal termini on various glycoconjugates (74, 75) . The results shown are typical of those observed in 11 human and 7 chimpanzee samples. Three gorilla and four orangutan samples yielded results similar to those of the chimpanzee sections. Modified with permission from Reference 47. to this difference. First, we found that human lymphocytes are more reactive than those of chimpanzees (57, 58) , which may represent a potential mechanism for accelerating the inflammation observed in human atherosclerotic lesions. Second, we observed incorporation of the nonhuman sialic acid Neu5Gc into the endothelial cells of humans (Figure 3) (59) , which occurs in the presence of circulating anti-Neu5Gc antibodies that can react with these immunogenic epitopes. In vitro studies using human endothelial cells fed with Neu5Gc support the notion that exposure of human endothelium expressing Neu5Gc to human sera bearing anti-Neu5Gc antibodies can trigger complement-mediated activation, monocyte adhesion, and inflammation (59)-mechanisms that are common to both early atherosclerosis and late stages of lesion progression. Our studies suggest possible mechanisms to be explored, although additional explanations remain likely.
Plasmodium falciparum Malaria
Human malaria is caused by various Plasmodium parasites that invade erythrocytes. Plasmodium sporozoites are injected from salivary glands of the mosquito vector into the host bloodstream, where they multiply in hepatocytes and are then released back into the bloodstream as merozoites. Merozoites bind to various surface receptors on erythrocytes, invading and eventually destroying them. Of the various Plasmodium parasites, P. falciparum has the greatest virulence in humans; it is known as malignant malaria because it is responsible for most malaria deaths worldwide. Interestingly, this parasite does not cause severe disease in chimpanzees (60) , and it appears to be of relatively recent origin, estimated at only tens of thousands of years ago (61) . What was its precursor? The most logical candidate is P. reichenowi, a similar organism that infects both chimpanzees and gorillas in Africa (62) . Investigators initially believed that the two parasites speciated at the same time that the human and chimpanzee lineages split, which occurred ∼6 Mya (62). However, this hypothesis does not accord with P. falciparum being a recently evolved pathogen. A potential explanation for this paradox, which relates to our work on sialic acids, was recently put forward.
Sialic acids are critical components of binding targets on erythrocytes that are used by P. falciparum merozoites, and the major carriers of sialic acids (the glycophorins) are rapidly evolving (63) . The EBA-175 major binding 
Sexually Transmitted Bacterial Diseases
Chimpanzees and bonobos display promiscuous sexual behavior, albeit in different patterns of mating. Such behavior undoubtedly accounts for the transmission of retroviruses and perhaps other, as-yet-undiscovered diseases. Sexually transmitted bacterial diseases common in humans have not been reported in NHHs. These diseases include gonorrhea caused by Neisseria gonorrhoeae (67, 68), syphilis caused by Treponema pallidum (69), and chancroid caused by Hemophilus ducreyi (70). These organisms probably entered into human populations after the time of our last common ancestor with the chimpanzee. It is difficult to ascertain when this transfer occurred, and how and why humans acquired these diseases, but notably, two of these organisms (Neisseria gonorrhoeae and Hemophilus ducreyi ) express sialic acids on their surfaces. Expression of sialic acids by bacteria can allow engagement of human Siglecs (which prefer Neu5Ac, the sialic acid produced by the bacterium), thereby dampening the innate immune system and allowing for the establishment of infection (71). Thus, the human loss of Neu5Gc and the adjustment of inhibitory human Siglecs to recognize Neu5Ac (72) may have facilitated the emergence of these bacterial sexually transmitted diseases in humans. In the case of gonorrhea, additional mechanisms for human species specificity have been described (67, 68).
Human Immunodeficiency Virus Infection Progressing to Acquired Immune Deficiency Syndrome
When the human immunodeficiency virus (HIV) epidemic first became evident in the early 1980s, the only animal found to support in vivo virus growth was the chimpanzee (73). Subsequently, more than 100 chimpanzees in the United States and Europe were experimentally infected with HIV. Surprisingly, after more than 10 years, only one chimpanzee progressed to a full-blown acquired immune deficiency syndrome (AIDS)-like syndrome (74) , and infected blood from this chimpanzee caused similar outcomes in other individuals into whom it was transferred (75) . Since then, numerous other infected chimpanzees developed low CD4 counts, but often without an AIDS-like syndrome (76) . Moreover, all of these cases occurred in animals that were infected with multiple HIV isolates, which suggests the existence of unusual variants that evolved within the captive chimpanzee hosts. Overall, humans appear to be more susceptible to progression to AIDS from HIV infection. The exact reasons for this difference are unclear, despite many studies on the subject (e.g., 77-84), but apparently it is not due to any cellular protection from primary or secondary infection, and asymptomatic infected chimpanzees may carry a viral load similar to that of humans with AIDS. These findings are especially surprising because we now know that (a) HIV is derived from chimpanzee simian immunodeficiency viruses (SIVs) that were transmitted into humans on rare occasions during the past century (85) and (b) similar viruses are common in some West African chimpanzee populations and apparently do not cause progress to AIDS (86). Notably, East African chimpanzees in which HIV did not originate carry an SIV that causes a mild to moderate immune deficiency and leads to decreased life span (87). However, even in those cases, the immunodeficiency appears to be milder than in untreated human HIV infections.
Differences in the activity of molecules such as APOBEC3G and TRIM5α between humans and chimpanzees cannot account for the differences in AIDS susceptibility observed in these two species, as the molecules are essentially identical in sequence (88, 89). Many other explanations have been suggested, and the most recent review of the topic concludes "that a critical factor that differentiates nonprogressive from progressive HIV infection is the maintenance of T cell immune competence in the face of a virus that infects and kills CD4 + T cells" (see the abstract of Reference 90). The explanation currently considered the most likely is that the human immune system overreacts to the virus, which causes the eventual exhaustion and elimination of CD4 + T cells (78-80, 82, 91, 92) . A related possibility is overreactivity of human T cells to defective HIV virions (84). Natural SIV hosts may avoid the generalized immune system activation that is associated with disease progression in HIV-infected individuals (83, 90). A specific mechanism is the structural and immunological damage to the gastrointestinal tract that occurs during the acute phase of HIV infection in humans, breaching the mucosal barrier and leading to generalized immune activation by bacterial products (93). However, human T lymphocytes are more reactive than their chimpanzee counterparts; decreased expression of inhibitory Siglecs on human lymphocytes may explain this relative overreactivity (57, 58) . Regardless of the underlying mechanism, the relative overreactivity of the human T cell may contribute to the excessive responses to the virus. This hypothesis is testable and is currently under study.
Foamy Virus (Spumavirus) Infection
All known primate lineages (and, in fact, most mammals) harbor endemic infectious retroviruses known as spumaviruses (foamy viruses) that are often present in the majority of individuals in a species and seem to cospeciate with each lineage (94). The same is true of NHHs (95, 96). As mentioned above, NHHs also have other endemic retroviruses, such as SIVs and simian T cell leukemia viruses. Thus, the common ancestral population of humans and chimpanzees must have harbored many of these endemic viruses. However, current human populations did not have endemic spumaviruses or any of the other retroviruses mentioned-until the emergence of the HIV epidemic and the geographically localized detection of human T lymphotropic viruses over the past century. Human infections with these viruses can occur; that is, humans did not escape them by developing resistance (97, 98) .
Again, there are two mysteries to be solved. First, how did the human lineage purge itself of these endemic viruses? Second, despite continuing (and increasing) contact with humans in recent times (due to the bush-meat trade), why is it that repeated transmissions of these viruses into humans do not occur on a regular basis? Interestingly, enveloped viruses carry sialic acids from the host cell in which they originate. Thus, it is speculated (P. Gagneux, personal communication) that enveloped viruses produced in NHHs, or other Old World primates, that express Neu5Gc might be killed upon contact with human body fluids, which contain antibodies directed against Neu5Gc-expressing viruses. This hypothesis may also explain why there have been no recently documented episodes of transfer of these viruses into the human population, despite increasing exposure of African hunters and bush-meat vendors to SIV-infected chimpanzee carcasses. This issue is under study.
PROBABLE BIOMEDICAL DIFFERENCES BETWEEN HUMANS AND NONHUMAN HOMINIDS Human Influenza A Susceptibility
Influenza A viruses infect humans by attaching to sialic acid receptors on upper airway epithelial cells. The ciliated columnar epithelial cells of humans express cell-surface glycans with an abundance of terminal α2-6-linked sialic acids, and human influenza A viruses have a binding specificity for this linkage (99) . In contrast, bird influenza viruses prefer to bind to α2-3-linked sialic acids, which may explain why these viruses do not easily transfer into humans. The upper airways of chimpanzees and other NHHs are more similar to those of birds in that they do not express an abundance of terminal α2-6-linked sialic acids (Figure 4) (100) . The latter may be the ancestral condition, and at some point in human evolution, a switch to expression of α2-6-linked sialic acids may have occurred. A possible scenario is that this selection was mediated by the malarial parasite merozoite EBA-175 protein, which also prefers to bind to α2-3-linked sialic acids (66). The same episode of selection that eliminated Neu5Gc from humans may have simultaneously selected for a switch in preference to expressing α2-6-linked sialic acids (12) . Although further studies are needed, we note that relatively large doses of human influenza virus were given to chimpanzees and did not cause severe illness (101, 102) . Given that complications of influenza can be caused not only by the virus but also by an excessive immune response, another plausible reason is that chimpanzee T cells are less reactive (57, 58) .
Hepatitis B and C Late Complications
Hepatitis B and C virus infections are common in humans, and a significant percentage of such infections eventually progress to chronic active hepatitis and/or liver cirrhosis, which sometimes terminate in hepatocellular carcinomas. NHHs, and particularly chimpanzees, have long been recognized as hosts for these diseases, and in the case of hepatitis C, they are apparently the only available model (103) (104) (105) (106) (107) (108) (109) . Interestingly, although cases of chronic hepatitis and/or hepatocellular carcinoma have been reported in chimpanzees, animals infected with these viruses rarely develop the types of complications commonly seen in humans (103, 107, 109) . There are two possible interpretations of these findings, which are not mutually exclusive. First, there may indeed be a difference between human and chimpanzee responses to the virus, in accord with the observation that many late complications of the hepatitis viruses may be caused not by any cytopathic effect of the viruses per se but rather by an overexuberant immune response (110) . This observation would also accord with our finding of excessive reactivity of human T lymphocytes compared with chimpanzee T lymphocytes (57, 58) . Second, these chimpanzee infections are not natural (i.e., they are induced by injecting a bolus dose of viruses derived from humans), and the immune response may thus be skewed in a manner that is favorable for the experimental chimpanzee. Overall, a review of the literature does not indicate which of these two possibilities is correct, and both may be true to some extent. Regardless, these diseases should be placed in the category of probable differences between humans and NHHs; further studies are needed.
Epithelial Cancers
The most common malignancies of humans are carcinomas, which arise from epithelial cells that line various hollow organs and the skin. Aside from skin carcinomas, which are often diagnosed early enough for curative resection, other carcinomas (e.g., head and neck, esophagus, breast, lung, stomach, pancreas, colon, ovary, prostate, and endometrium) constitute the bulk of human cancers worldwide in terms of both incidence and mortality (111) . Although skin carcinomas are not commonly reported in NHHs, there are vast differences in skin histology among humans and NHHs, as well as in protection from direct exposure to sunlight by hair. It is more difficult to explain why the other common carcinomas of humans have not been found in NHHs (4, 5, 112), even in captive populations that live to age 40 and beyond, whereas a significant frequency of carcinomas is observed in humans. This relative rarity of carcinomas in NHHs extends to captive nonhuman primates in general (9), with the exception of cases in which a clear risk factor can be identified (e.g., colon carcinoma in the setting of ulcerative colitis in the cottontop tamarin) (113) and cases of hepatocellular carcinoma associated with chronic Schistosoma mansoni infection (114) . This difference is probably not an ascertainment bias, given that high-quality necropsy and tissue reports show that NHHs suffer from some of the less common cancers of humans (112, (115) (116) (117) . Additional data against ascertainment bias include frequent detection of benign tumors in NHH necropsies (4, 5, 112). Increasing age is a risk factor for human carcinomas, and significant numbers of NHHs are reaching an advanced age in captivity now that early mortality from other factors such as infectious diseases is decreased. Additionally, captive NHH populations are less exposed to certain human risk factors, such as smoking, dietary red meat, and potential environmental carcinogens. However, although these risk factors vary substantially across human populations, baseline rates of these carcinomas across the world are still significant worldwide (111) . Data on hunter-gatherers are consistent but very limited (118, 119) .
The most recent retrospective analysis of this issue concluded that although neoplasia in general is not uncommon in the chimpanzee, it is generally benign and occurs primarily in the urogenital system in females (112) . Incidence of carcinomas (malignant tumors of epithelial origin) may fall into the category of probable differences between humans and NHHs. If so, what might explain this difference? Notably, the hallmark feature of all these carcinomas is multiple chromosomal abnormalities (120) . Also, such multiple chromosomal abnormalities are also a feature of early fetal wastage (see below) (121), a common and possibly humanunique feature that has also been observed in human embryos fertilized in vitro (122) . Perhaps the human chromosomal segregation processes are more prone to the generation of such abnormalities, thereby increasing the risk of carcinomas. It may be relevant that, at some unknown time in human evolution, two ancestral NHH chromosomes underwent a telomeric fusion that resulted in the creation of human chromosome 2, which still has residual telomeric sequences in the fusion region (123) , and that aneuploidies can be induced in yeast through the addition of extra telomeres (124) .
Also, many recent studies have emphasized a critical role for chronic inflammation in carcinoma progression (125) (126) (127) red meat) into epithelia as a xeno-autoantigen, a novel term we coined, referring to the fact that Neu5Gc enters the body from dietary sources and becomes incorporated into human tissues even in the presence of an ongoing immune response that recognizes the molecule as foreign. The molecule can be described as xeno, that is, as originating from other animals, as well as auto, that is, expressed on human cell surfaces as an antigen (see Figure 5 for examples). The resulting mechanism is chronic inflammation resulting from interactions with circulating anti-Neu5Gc antibodies (128) . The second mechanism is the relative overreactivity of human lymphocytes to stimulation (57, 58) , which may also contribute to such chronic inflammation.
Alzheimer's Disease Pathology
Alzheimer's disease is the most common cause of dementia in older humans. Although pathologic examination is necessary for definitive diagnosis, imaging studies and clinical assessment can be reasonably accurate. Examination of the brain shows cortical atrophy, and classic histological findings are characterized by accumulation of amyloid plaques and neurofibrillary tangles, along with extensive synaptic and neuronal loss. These features of full-blown Alzheimer's disease have not been reported in any other animal, including chimpanzees and other NHHs. Age-matched studies of NHH and human brains showed that although amyloid plaques are observed at a frequency similar to that in humans, neurofibrillary tangles in NHHs (with one unusual exception; see Reference 129), or indeed in any other animal, have never been reported (130, 131) . A possible explanation is that NHHs simply do not live long enough for these events to accumulate. However, whereas asymptomatic humans ranging in age from 40 to 60 may show some of these early pathologies, age-matched NHH brains in the same age range do not (130) . The number of older NHH brains studied is small, but the pathology of Alzheimer's disease falls into the probable difference category; further work is needed to define the extent of this Xeno-autoantigen: refers to the nonhuman sialic acid N-glycolylneuraminic acid, which enters the body from dietary sources and becomes incorporated into human tissues (particularly endothelia and epithelia), even in the face of an ongoing immune response that recognizes the molecule as foreign difference and the mechanisms involved. Notably, activated microglia play an important role in inflammation and damage caused by Alzheimer's disease (132, 133) , and humans are unique in expressing Siglec-11 in microglia (Figure 6) (134, 135) and possibly the activatory counterpart Siglec-16; the latter is partially pseudogenized in the human population (136) . The possibility that excess microglial activation by Siglec-16 plays a role in some humans should be investigated.
Infections with Neu5Ac-Expressing Bacterial Pathogens
Several bacteria have independently reinvented the human sialic acid Neu5Ac (137, 138) and use this coating of a native glycan to subvert the human immune system by regulating complement deposition, dampening adaptive immune responses, and/or subverting inhibitory Siglecs to reduce reactivity of the innate immune system (71). Interestingly, of the pathogens known to produce Neu5Ac, the majority are human pathogens and several are human specific (137) . Given the extent and high quality of current veterinary microbiology, it seems unlikely that this apparent difference is merely an ascertainment bias. A more likely possibility is that humans are particularly prone to be exploited by such organisms because our Siglecs have adjusted to the loss of Neu5Gc and preferentially recognize Neu5Ac as self (12, 72) ; importantly, no bacterium has ever reinvented Neu5Gc. It would be interesting to study the interactions of Neu5Ac-expressing bacteria with neutrophils from NHHs, whose major Siglecs prefer to bind Neu5Gc (72) .
Several of these pathogens affect fetuses, newborns, infants, children, and young adults, and they may have had a marked effect on reproductive fitness. Thus, the emergence of these pathogens may have followed the human loss of Neu5Gc and the adjustment of Siglecs to bind Neu5Ac, and it could be an ongoing process. Our current data concerning multiple changes of CD33-related Siglecs in humans (12) support this scenario. Also consistent with this idea is
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Figure 6
Uniquely human expression of Siglec-11 and -16 in the brain. Immunohistochemistry, using mouse antihuman Siglec-11 and -16 monoclonal antibody 4C4 on paraffin sections of brain, shows expression within many human microglia (red ) but only rarely in the chimpanzee brain. the finding that the nonsignaling phagocytotic Siglec on macrophages (known as Siglec-1 or sialoadhesin) has apparently undergone upregulation and a change of distribution in humans (Figure 7) (139) .
Preeclampsia
A trio of abnormalities define the apparently human-specific disease of preeclampsia: new-onset hypertension, proteinuria, and edema. This disease occurs after ∼20 weeks of gestation in 3% to 5% of human pregnancies (more often in primiparous women) (140) . Some patients develop full-blown eclampsia, which is characterized by convulsions and disseminated intravascular coagulation. The only cure is delivery of the placenta. Development of preeclampsia has been correlated with incomplete trophoblast penetration into the endometrial spiral arterioles during the time of implantation, which results in altered blood flow and an ischemic placenta. Placental antiangiogenic factors are also upregulated (140) , and the maternal spiral artery endothelium is disrupted. Additionally, the increase in human brain size and the prolonged labor process may be connected in a way that is distinctly human (141) . The cause of the disease and why it is specific to humans are unknown.
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Figure 7
Uniquely human expression pattern of Siglec-1 in the spleen. Immunohistochemistry on frozen sections of spleen, using mouse anti-CD169/Siglec-1 antibody (AbCam), shows differences in Siglec-1 expression patterns (red ). In the human spleen, anti-Siglec-1 identifies cells only outside the lymphoid follicles, whereas in chimpanzee spleen, the Siglec-1-marked cells infiltrate into the lymphoid follicle. For other examples and double staining, see Reference 139. Magnification: 100×.
Although Siglec-6 is expressed on the B cells of both humans and chimpanzees, it shows placenta-specific expression only in humans (Figure 8) (142) . Intriguingly, the human-
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Figure 8
Uniquely human expression of Siglec-6 in placenta. Immunohistochemistry using mouse anti-human Siglec-6 antibody (BD Pharmingen) shows Siglec-6 expression on the trophoblast of human placenta only (red ). For other examples and staining of Siglec-6 ligands, see Reference 142. Magnification: 1,000×.
specific trophoblast expression of Siglec-6 is further upregulated in preeclampsia (143) .
Preterm Labor
Pregnancy and parturition in humans are rather unusual compared with those of other mammals, including NHHs (144, 145) . Some investigators have suggested that "human parturition is a distinctly human event" (145, p. 271) . It is difficult to accurately predict a delivery date for human infants, given that normal-term gestation ranges from 37 to 42 weeks (146) . In contrast, the chimpanzee gestation period varies by only 10-12 days (147) . In light of these findings and the humanspecific tendency to develop preeclampsia (see the previous section), it is not surprising that spontaneous preterm labor is common in humans (148) compared with NHHs. Although multiple factors (including evolutionary ones) probably contribute (148) , the uniquely human expression of Siglec-6, which seems to increase in levels during the process of labor, may play a role in the placenta (142) .
POSSIBLE DISEASE DIFFERENCES BETWEEN HUMANS AND NONHUMAN HOMINIDS Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune process characterized by progressive bilateral arthritis and erosive inflammation of the synovial lining. RA affects up to 1% of the human population (149, 150) . Its cause is unknown, and treatment generally aims to reduce inflammation and/or antibody production.
With the exception of a few gorillas at one institution (46) that developed what appeared to be a mild form of this disease, RA seems rare in captive NHHs, probably because of environmental and/or genetic differences between humans and NHHs. There are two hypotheses regarding the role of sialic acids. First, the human propensity for relative lymphocyte overreactivity (57, 58) could contribute to the difference between human RA and NHH RA. Second, RA was originally associated with an increase in circulating anti-Neu5Gc antibodies (151) , and whether or not Neu5Gc accumulates in synovium and interacts with these antibodies is unknown. In this regard, increases in RA in several European countries were observed as more meat was added to national diets (152) , and additional studies support a role for red meat in the risk of RA (150) . Clinical experience suggests that fasting, followed by adoption of a vegetarian diet, can help treat some patients with RA (153).
Bronchial Asthma
Bronchial asthma is an allergic, hyperreactive, chronic inflammatory disease of the airways that is characterized by recurrent episodes of bronchospasm and breathlessness, which can be triggered in response to cold, exercise, or exposure to an allergen to which previous sensitization has occurred (154) . Remarkably, there are no reported cases of bronchial asthma in captive NHHs. The symptomatology of asthma (wheezing and rapid breathing) is so obvious that the condition, if it occurred, would be easily diagnosed in NHHs. The reason for this surprising difference is unclear, but the human propensity for relative lymphocyte overreactivity (57, 58) is of interest. There are confounding factors. First, NHHs are often infected with parasites (which seem to be difficult to eliminate from the colonies), and such infections may reduce the frequency of asthma. Second, the nowpopular hygiene hypothesis suggests that the incidence of asthma in developed countries has increased during the past several decades due to increased cleanliness. Notably, other allergic responses occur in chimpanzees, for instance, in the form of nasal polyps (155, 156) .
Hydatidiform Molar Pregnancy
Hydatidiform moles are placental abnormalities that present with cystically swollen placental villi and a variably proliferative trophoblast that are associated with the partial or complete replacement of normal placental structure (157) . This condition is usually identified during the fourth or fifth month of pregnancy if the uterus appears larger than expected, with abnormally high levels of serum human gonadotropic hormone levels (ultrasound examination can identify it earlier). Incidence in humans is 0.6-2 per 1,000 pregnancies, with higher rates in the Far East. Genetic studies show that most complete moles have a 46XX diploid pattern in which all 46 chromosomes are derived from a single sperm, which evidently fertilizes a blighted ovum and then duplicates the paternal genome. The occurrence of hydatidiform moles appears to be restricted to humans, with the exception of one case of a partial mole observed at necropsy of a pregnant chimpanzee that died of other causes (158) . A possible explanation is that concealed ovulation of humans (159) results in a high frequency of mistimed copulations: The sperm may arrive after the ovum has begun to degenerate.
Endometriosis
Endometriosis arises from the abnormal presence of endometrial glands and stroma at sites other than the lining of the uterus (160, 161) . These ectopic rests of endometrial tissue have been observed in the ovaries and peritoneum and are observed during laparoscopies in almost 10% of women of childbearing age (162) . The disease contributes to infertility and morbidity due to recurrent episodes of pain during menstrual bleeding that eventually lead to scarring and intestinal adhesions, among other complications. Medical treatment includes hormonal therapy and surgery to remove the lesions; recurrence is common. The spontaneous occurrence of endometriosis has been observed in the baboon, which has been used as an animal model. However, with the exception of two cases of adenomyosis (endometriosis within the wall of the uterus) (163) Opinions on this matter fall along a spectrum. On one end of the spectrum, some investigators believe that NHHs should continue to be used for research that will save human lives (especially for conditions such as hepatitis C, for which no other model exists) (171); on the other end, members of the so-called Great Ape Project (172) seek to ban all future research on these species. As is always the case in a subject with wide-ranging opinions, the two extremes appear to have garnered the most attention; the Great Ape Project currently has the upper hand (173). Indeed, NHHs in captivity (at least those supported by the NIH) cannot be euthanized to reduce population size, and they also must be "retired" after a certain period of time to long-term care facilities (173). The debate is still under way, and further legislation to limit research is under consideration. Meanwhile, some investigators have adopted the middle position, arguing that although NHHs are certainly not equivalent to mice, rats, or even monkeys in terms of what might be allowable in terms of research, they deserve to be studied in a similar manner to humans. Much can be learned about humans and NHHs by subjecting both to the same types of research following generally similar principles (3). Ironically, although the NIH has decided to support the long-term retirement of chimpanzees, the agency does not support the need for extensive record keeping and for collection of samples during medical care. Tragically, there is not enough support for systematic collection and archiving of tissue samples from NHHs at the time of death from natural causes or from euthanasia for terminal suffering. These precious resources are being lost forever. Indeed, this review-which aims to improve our understanding of both human and NHH disease-could not have been written without prior research on NHHs in captivity and, to some extent, in the wild.
anti-Neu5Gc antibodies to increase the inflammatory component.
Female Iron Deficiency
In the absence of good nutritional sources of iron (especially red meat), women are frequently iron deficient (165). Indeed, even in developed countries the frequency of iron deficiency in premenopausal women is high. The obvious cause is loss of iron-rich blood during menstrual periods. The frequency of iron deficiency in captive chimpanzees appears to be much lower. However, their standardized food is well fortified with iron. Although the amount of blood loss during human versus NHH menstrual periods has not been quantified, anecdotal evidence suggests that blood loss is significantly greater in humans (165). Notably, red meat, which is one of the richest sources of absorbable iron, played a prominent role in the emergence of the Homo lineage and can help ameliorate the severity of iron deficiency in women.
Varicella
Varicella zoster, a DNA virus of the Herpes virideae family, typically manifests in childhood infections as chicken pox and in adults as shingles. In humans, primary chicken pox is much less severe in younger individuals than in adults who have never been exposed (166). Limited studies of experimental varicella in adult NHHs reported mild symptoms (167). Anecdotal observations suggest that when adult NHHs in captivity do contract chicken pox due to transmission from a keeper with an infected child at home, the disease tends not to be severe but rather manifests relatively limited symptoms.
In the absence of further data, it is impossible to know whether this difference is real, but it does accord with the notion that an excessive T cell response to the virus in adult humans may worsen symptoms (57, 58) . 
Major Psychiatric Diseases
CONCLUSIONS, CAVEATS, AND FUTURE PROSPECTS
This wide-ranging and somewhat speculative survey of definite, probable, and possible biomedical differences between humans and our closest evolutionary relatives departs from the usual model of this journal, which tends to provide authoritative summaries of established facts. Although we have focused on our own related research, our broader purpose has been to generate interest in this poorly studied area, which deserves much more attention both for the benefit of human medical knowledge and for the proper veterinary care of NHHs. Ultimately, some suggested differences that stand the test of time and further study probably have genetic explanations. Such genetic approaches are becoming very accessible with the increasing availability of the genomes of all the species in question.
SUMMARY POINTS
1. Humans are genetically very closely related to NHHs, also known as great apes.
2. The disease profile of NHHs has long been assumed to be similar to that of humans. Although in some cases this is true, there appear to be many striking differences in terms of disease incidence and severity.
3. Because only a few NHHs in captivity have undergone complete veterinary evaluation and necropsies, we cannot draw any conclusions about diseases that are rare in humans, that is, that occur with a frequency of less than one in several hundred.
4. Given the history of support for NHH research by the National Institutes of Health, investigators have tended to emphasize similarities rather than differences between NHHs and humans.
5. On the basis of the amount and quality of information available, we classify differences between NHHs and humans as definite, probable, or possible. However, even among the possible differences, anecdotal evidence suggests that many do exist and simply have not yet been reported.
6. These differences involve diseases that span a wide spectrum of systems and mechanisms.
7. Genetic and/or environmental factors must account for any major differences. We suggest some potential explanations on the basis of uniquely human changes in sialic acid biology. A recent paper by Hahn and colleagues (176) confirms that Plasmodium falciparum arose from a single transfer of an NHH malarial parasite and that the transfer occurred specifically from a gorilla, rather than from a chimpanzee. Furthermore, this paper describes the ongoing multiple transfers between chimpanzees and gorillas. In striking contrast, there was only one ape-to-human transfer, and no reverse transfers were found. Overall, there is strong evidence for the initial loss of such parasites from the human lineage, a single reverse transfer to humans, and the persistence of a major evolutionary barrier minimizing human-to-ape and ape-to-human transfers. The loss of the sialic acid Neu5Gc in humans is at present the best explanation for the two-way barrier. Polycystic ovarian syndrome, a common endocrinopathy associated with reproductive, metabolic, and cardiovascular problems, is also thought to be a human-specific disease (177) that can be induced only experimentally in other primates (178).
